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Abstract. Forest ﬁre emissions have a strong impact on
the concentrations of trace gases and aerosols in the atmo-
sphere. In order to quantify the inﬂuence of boreal forest
ﬁre emissions on the atmospheric composition, the ﬁre sea-
sons of 1997 and 1998 are compared in this paper. Fire ac-
tivity in 1998 was very strong, especially over Canada and
Eastern Siberia, whereas it was much weaker in 1997. Ac-
cording to burned area estimates the burning in 1998 was
more than six times as intense as in 1997. Based on hot
spot locations derived from ATSR (Along Track Scanning
Radiometer) data and ofﬁcial burned area data, ﬁre emissions
were estimated and their transport was simulated with a La-
grangian tracer transport model. Siberian and Canadian for-
est ﬁre tracers were distinguished to investigate the transport
of both separately. The ﬁre emissions were transported even
over intercontinental distances. Due to the El Ni˜ no induced
meteorological situation, transport from Siberia to Canada
was enhanced in 1998. Siberian ﬁre emissions were trans-
ported towards Canada and contributed concentrations more
than twice as high as those due to Canada’s own CO emis-
sions by ﬁres. In 1998 both tracers arrive at higher latitudes
over Europe, which is due to a higher North Atlantic Oscil-
lation (NAO) index in 1998. The simulated emission plumes
are compared to CMDL (Climate Monitoring and Diagnos-
tics Laboratory) CO2 and CO data, Total Ozone Mapping
Spectrometer (TOMS) aerosol index (AI) data and Global
Ozone Monitoring Experiment (GOME) tropospheric NO2
and HCHO columns. All the data show clearly enhanced
signals during the burning season of 1998 compared to 1997.
The results of the model simulation are in good agreement
with ground-based as well as satellite-based measurements.
Correspondence to: N. Spichtinger
(spichtinger@forst.tu-muenchen.de)
1 Introduction
Biomass burning causes large emissions of carbon diox-
ide (CO2), carbon monoxide (CO), nitrogen oxides (NOx),
methane (CH4), aerosols and other trace substances, which
inﬂuence the concentrations of trace gases and aerosols in
the atmosphere and affect the atmosphere in various ways.
CO2 and CH4 are important greenhouse gases, contributing
to global warming. The solar radiation budget is strongly
affected by the aerosols emitted by the forest ﬁres, too
(Asakuma et al., 2002; Torres et al., 1998, 2002). Finally,
forest ﬁres can even be a source of stratospheric aerosols
(Fromm and Servranckx, 2003). Tropospheric chemistry is
inﬂuenced by the emissions of CO and NOx, precursors of
tropospheric ozone (O3) (Chan et al., 2003) – an effective
greenhouse gas itself –, and nitric acid (HNO3), a product
which is part of the nitrogen chemical reaction cycle, leading
to acid rain (Jaegle et al., 1998). Boreal ﬁres emit relatively
large quantities of NOx due to high burning temperatures, es-
pecially during the appearance of crown ﬁres, which account
for most of the areas burned in the boreal ﬁre regime (Ka-
jii et al., 2002; Cofer et al., 1998). Additionally, other trace
gases are emitted like methyl bromide and methyl chlorine
which are involved in catalytic cycles of stratospheric O3 de-
struction.
The input of biomass burning emissions into the atmo-
sphere is often discussed as a phenomenon of the tropical
rain forest and savannas (Crutzen and Merlet, 1990; Andreae
et al., 2001; Andreae and Merlet, 2001). However, the bo-
real forest contains one third of the terrestrial carbon stor-
age, boreal burning emits up to 20 percent of the global
biomass burning CO (Conard and Ivanova, 1997) and tem-
perature increases are expected as a consequence of climate
change (Stocks et al., 1998) in the ecologically sensitive high
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Table 1. Areas burned [Mha] in Canada and Siberia during the
years 1997 and 1998, according to different sources: a UNECE
(1999), b Conard et al. (2002),c Kasischke and Bruhwiler (2003).
Siberia Canada Year
Area Burned
0.98 0.62 1997a
5.34 4.71 1998a
13.3 1998b
boreal region
17.9 1998c
Table 2. Hot spots detected on the basis of ATSR night-time data
for the years 1997 to 2001.
hot spot counts
year Canada Siberia
1997 974 6321
1998 8701 21721
1999 3588 5803
2000 3469 8302
2001 1797 5031
northern latitudes, possibly leading to enhanced ﬁre activity
in the future (Flannigan, 1998). Furthermore, the lifetimes
of many trace gases and aerosols in the atmosphere are much
longer in the boreal region than in the tropics. Because low
annual average temperatures and dryness lead to accumula-
tion of ground fuel through slow decomposition processes,
borealﬁresconsumelargeamountsoffuel, burnwithhighin-
tensity and spread particularly fast. Furthermore, boreal ﬁres
are subjected to a strong interannual variability (Amiro et al.,
2001). Finally, boreal forest ﬁres are not only a local dis-
turbance factor but, due to atmospheric transport processes,
they affect tropospheric chemistry on regional (Kato et al.,
2002; Tanimoto et al., 2000) and even continental and hemi-
spheric scales (Fromm et al., 2000; Wotawa and Trainer,
2000; Forster et al., 2001; Spichtinger et al., 2001; Wotawa
et al., 2001).
Boreal forest ﬁres occur mainly from May to October
(Lavoue et al., 2000) and are most frequent in Canada and
Siberia. The 1998 burning season in the boreal region was
much more active than the 1997 one (Table 1). 1998 was
one of the worst ﬁve years since forest ﬁres are recorded in
Canada (Svidenko and Goldammer, 2001), and one of the
most severe years during the last 15 years in Siberia (UN-
ECE, 1999).
Strong burning is favoured by drought conditions and high
temperatures (Svidenko and Goldammer, 2001; Kajii et al.,
2002; French et al., 2003). Cahoon et al. (1994), for in-
stance, described how high temperatures, dryness and strong
winds lead to extensive forest ﬁres in China in 1987. During
the last three decades the burned area in the boreal region
shows a positive trend, a consequence of increasing tem-
peratures. Especially the years with very strong ﬁre activ-
ity all coincided with positive temperature anomalies (Ka-
sischke and Bruhwiler, 2003; Stocks et al., 1998; Flannigan,
1998). South East Siberia normally experiences dry anti cy-
clonic conditions in combination with the monsoon circu-
lation until July and then shifts into a cyclonic humid sit-
uation. In 1998 midlatitude cyclones did not reach latitudes
higher than 30◦–35◦ N and it remained dry and hot east of the
Okhotsk Sea longer than normal (Efremov and Sheshukov,
2000). Fig. 1 shows maps of the temperature anomalies from
June to August for the years 1997 and 1998, calculated using
NCAR/NCEP reanalysis data. In 1998 most of the north-
ern hemisphere features positive temperature anomalies. Re-
gions with extremely high values, up to 4.5K, are found in
the boreal burning regions in northern and central Canada
and eastern Siberia, respectively. In 1998 in most parts of
these regions high temperatures are combined with less than
normal precipitation (Fig. 2). Thus, ﬁre-favouring meteo-
rological conditions prevailed in 1998 presumably due to
the strong El Ni˜ no/Southern Oscillation event of 1997/1998
(Kita et al., 2000; Novelli et al., 2003; Duncan et al., 2003).
In contrast, no large anomalies are found for 1997.
This paper compares measurement data from various
sources (surface measurements of CO and CO2 from a ﬂask
sampling network, aerosol index values and columns of tro-
posphericNO2 andHCHOfromsatelliteremotesensing)and
transport model simulations for the years 1997 and 1998. In
the next section, estimates for the areas burnt and the re-
spective trace gas emissions in 1997 and 1998 are made. In
Sect. 3, the measurement data and model simulations are de-
scribed. In Sect. 4, results from the transport model simula-
tions are shown, and in Sect. 5 analyses of the measurement
data are presented. Finally, conclusions are drawn in Sect. 6.
2 Areas burned and emissions
Data on the areas burned and emissions from ﬁres are the
basis and at the same time the limiting factor for the qual-
ity of quantitative transport modelling of biomass burning
plumes. Different estimates of total areas burned in Canada
and Siberia are shown in Table 1. According to ofﬁcial
data, more than 10millionha were burned in both regions in
1998 (UNECE, 1999), which is more than six times the area
burned in 1997. However, it is known that the Russian ofﬁ-
cial data strongly underestimate the burned areas in Siberia
(Conard and Ivanova, 1997; Conard et al., 2002), where a
large number of forest ﬁres remain undetected (Cahoon et al.,
1994). Using remote sensing data, Kasischke and Bruhwiler
(2003) estimated that 17.9millionha forest burned in the bo-
real region in 1998, the largest area burned of the decade. For
comparison, in 1997 an area of just 1.6millionha has burned
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Fig. 1. Climatological surface temperature anomaly [K] from June to August of 1997 (top) and 1998 (bottom), according to NCEP reanalysis
data.
 
Fig. 2. Precipitation anomaly [mm/month] from June to August of 1997 (top) and 1998 (bottom), according to GPCC (Global Precipitation
Climatology Centre) data.
(UNECE,1999)(Table1). OfﬁcialdatafromUNECE(1999)
suggest similarly large areas burned in Canada and Siberia in
1998 (Table 1). But Kasischke and Bruhwiler (2003) esti-
mated that 29 % of the total area was burned in Canada and
71% in Siberia. Unfortunately, more detailed ﬁre inventories
are not available, especially not for Siberia.
Therefore, night-time ﬁre hot spots, based on data from
the ATSR instrument ﬂying on the ERS-2 platform (see
http://shark1.esrin.esa.it/ionia/FIRE/), were used for charac-
terizing the spatial distribution of the ﬁres. Coordinates of
hot spot locations are available on a daily basis for the period
1997 to 2001 and their total numbers are shown in Table 2.
There is a high variation of the number of hot spots detected
during the different years. 1997 has a below-average occur-
renceofhotspots, especiallyinCanada, whereas1998stands
out as the year with most hot spot detections both in Canada
and Siberia. In 1997 (Fig. 3 top), hot spots were detected
mainly in the United States of America, Europe and Southern
Asia, but in 1998 (Fig. 3 bottom) regions with high density
of ﬁre hot spots can be seen in Canada and Eastern Siberia.
A distinct maximum of hot spot occurrence was located over
the Russian Far East, whereas the rest of Russia experienced
a moderate ﬁre season (Conard et al., 2002). The Russian
Far East always has a very high ﬁre danger because of the
recurrence of drought conditions, the regional meteorologi-
cal and topographical situation and the abundance of com-
bustible material (Efremov and Sheshukov, 2000). However,
in 1998 the situation was extreme, due to the strong drought
caused by the El Ni˜ no/Southern Oscillation (Generoso et al.,
2003; Novelli et al., 2003).
The hot spot data cannot directly be used to estimate the
areas burned, and therefore we have to use other sources for
this information. The ratio between Siberian and Canadian
ATSR hot spot counts in 1998 is around 2.5 (see Table 2)
in good agreement with the burned area estimation of Kasis-
chke and Bruhwiler (2003). In order to obtain the same ratio
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Fig. 3. ATSR hot spots summed from May to October of 1997 (top) and 1998 (bottom).
Table 3. Emitted masses of CO [Tg] derived from the FLEXPART
model setup.
Siberia Canada
1997 1998 1997 1998
May 2.45 3.37 0.25 2.07
June 1.31 2.85 1.27 1.12
July 0.79 13.28 0.26 7.01
Aug 1.04 21.51 0.34 8.77
Sep 1.55 11.10 0.29 1.96
Oct 2.52 1.21 0.37 0.52
total 9.68 53.68 2.78 21.45
between Canadian and Siberian burned areas the ofﬁcial es-
timate (UNECE, 1999) for the total burned area in Canada
was multiplied by a factor of 2.5. Therefore for the simu-
lation of the burning period of 1998 4.7Mha and 11.7Mha
burned area were assumed for Canada and Siberia, respec-
tively. Using the estimates of total area burned and the num-
ber of hot spots detected in 1997 and 1998, we estimate that,
on average, a hot spot covered an area of 380ha in 1997 and
540ha in 1998. Although the actual areas burned may vary
considerably from hot spot to hot spot, assuming that they
all burned equal areas, we can use the hot spot data to deter-
mine the temporal and spatial variation of the burning, which
were needed for the emission estimates. Because of the bi-
ases of satellite detection due to, e.g. cloud cover and smoke
(Kasischke et al., 2003), the burned areas we use are rough
assumptions.
In our model simulations we used a CO tracer to study
the prevailing transport patterns and thus needed an estimate
for the CO emissions. Emission factors for CO are normally
based on the amount of biomass burned. For instance, An-
dreae et al. (2001) estimate 107gCO/kg biomass burned. In
order to apply this emission factor, we need to know the
amount of biomass burned. Cofer et al. (1998) report fuel
consumption rates for boreal forest ﬁres of 4.27kg/m2. Us-
ing this rate together with our previous estimates of the ar-
eas burned, we can determine the emission rates of trace
gases. Table 3 shows the monthly variation of the esti-
mated CO emissions for both Siberia and Canada in 1997
and 1998 based on this algorithm. Total CO emissions of
Canada and Siberia were estimated as around 75Tg in 1998
and about 12Tg in 1997. Compared to Canada’s anthro-
pogenic CO emissions of 52.7Tg/y (see EDGAR emission
inventory (1995), http://arch.rivm.nl/env/int/coredata/edgar/)
Siberian CO emissions by ﬁres in 1998 are around equal.
Our estimates of the CO emissions (see Table 3) are
in good agreement with those of Kasischke and Bruhwiler
(2003) and Duncan et al. (2003) who estimated that 88–
102Tg and 70Tg, respectively, of CO were emitted in the
boreal region in the year 1998, and with the values given
by Kajii et al. (2002), who calculated that 50Tg CO were
emitted in Siberia, in 1998. Finally, Novelli et al. (2003) cal-
culated emissions of 300Tg CO by all ﬁres (including ﬁres
in the tropics) that burned during the El Ni˜ no in 1997/1998.
Thus, based on our assumption of 75Tg CO the boreal re-
gion contributed a substantial fraction, 25%, to the total ﬁre
emissions in 1997/1998. Compared to the averaged global
CO emissions by biomass burning of 748Tg/a estimated by
Holloway et al. (2000) and Galanter et al. (2000), the boreal
region accounted for about 10% in 1998 and 1.6% in 1997.
3 Data and Methodology
The transport of forest ﬁre emissions was simulated with
the Lagrangian particle dispersion model FLEXPART (ver-
sion5.1)(Stohletal.1998,http://www.forst.tu-muenchen.de/
EXT/LST/METEO/stohl/) for the burning seasons of 1997
and 1998 from May to October. For this study, FLEXPART
was used with northern hemispheric data from the European
Centre for Medium-Range Weather Forecasts (ECMWF,
1995) with a horizontal resolution of 1×1 degree, 31 ver-
tical levels and a time resolution of 3h (analyses at 0, 6, 12,
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  Fig. 4. Total columns of FLEXPART CO tracers [mg/m2] averaged from May to October: (a) Canadian CO tracer (1997), (b) Canadian
CO tracer (1998), (c) Siberian CO tracer (1997) and (d) Siberian CO tracer (1998). The red boxes in panel (a) show the regions used for
calculating source-receptor-relationships (see text for more details).
18 UTC; 3-hour forecasts at 3, 9, 15, 21 UTC). FLEXPART
calculates the trajectories of a multitude of particles to simu-
late the transport of passive tracers. We simulated tracers for
CO emitted by boreal forest ﬁres, which were released ac-
cording to our emission estimates (see Sect. 2), but for which
deposition and chemical processes were considered only by
applying a constant chemical lifetime of 60 days for the CO
tracers. The lifetime of the CO tracer is assumed as a mean
of the global lifetime of CO which is given by Seinfeld and
Pandis (1998) within the range of 30 to 90 days. Independent
CO tracers were used for Canadian and Siberian forest ﬁres
(according to Canadian and Siberian box shown in Fig. 4a) ,
in order to distinguish between these two sources. CO emis-
sions were put into the lowest 3 km of the model atmosphere.
In order to see whether the simulated forest ﬁre plumes ap-
pear also in observations, NOAA CMDL ﬂask data, TOMS
aerosol index data and GOME tropospheric NO2 and HCHO
columns were inspected.
The NOAA CMDL Carbon Cycle Greenhouse Gases
group makes measurements of CO2 and CO. These mea-
surements form a global network of background sites for
carbon cycle monitoring (Novelli et al., 2003; Randerson
et al., 1999), which measure continuously since the end of
the 1970s. CO2 data are available since 1982 and CO data
since 1990.
The TOMS instrument on board the Earth Probe satellite
(for further details, see http://toms.gsfc.nasa.gov/) provides
data on UV-absorbing tropospheric aerosols, including dust,
volcanic ash and smoke from biomass burning. Absorbing
particles are determined by a differencing method, which
is more sensitive for UV-absorbing aerosols than for non-
absorbing aerosols like clouds and sulfur particles (Hsu et al.,
1996). Forest ﬁres, desert dust, volcanic ash and anthro-
pogenic sources all create absorbing particles, but in high-
latitude regions forest ﬁres are the main source of these par-
ticles in summer.
GOME tropospheric NO2 column densities are used to see
whether boreal forest ﬁres are a signiﬁcant source of NOx.
Spichtinger et al. (2001) have found strong enhancements of
NO2 above a ﬁre burning in Canada in 1998, but it is im-
portant to clarify whether boreal forest ﬁres can also create
NO2 anomalies on a seasonal basis. The tropospheric NO2
columns are supplemented by tropospheric HCHO columns,
because HCHO is a primary emission product from biomass
burning (Carlier et al., 1986; Lipari et al., 1984). Maps of
tropospheric NO2 columns and tropospheric HCHO columns
were derived from spectroscopic data from the GOME in-
strument on board the ERS-2 satellite, which was launched
into a polar sun-synchronous orbit in April 1995. Raw spec-
tral data undergo several processing steps, as described in
Beirleetal.(2003), toobtaintropospheric NO2 columns. Ba-
sically, differential optical absorption spectroscopy (DOAS)
is used to produce total vertical NO2 column densities, from
which an estimate of the stratospheric portion is subtracted.
HCHO slant columns are also determined from GOME spec-
tra by using algorithms developed at the IUP Heidelberg,
with basically the same DOAS retrieval method as used
for the HCHO ground measurements (Wagner et al., 2004).
In contrast to NO2, the stratospheric HCHO can be ne-
glected. Thus, the retrieved slant columns directly represent
www.atmos-chem-phys.org/acp/4/1857/ Atmos. Chem. Phys., 4, 1857–1868, 20041862 Spichtinger et al.: Boreal forest ﬁres 1997/1998
Table 4. Source-receptor relationships for boreal forest ﬁre emis-
sions.
Source Receptor Avg. column dens. Avg. surface
[mg/m2(%)1] mix. ratio [ppb]
1997 CO
Russia Canada 2.7 (18) 0.3
Russia Russia 6.2 (37) 0.5
Canada Europe 2.1 (11) 0.1
Canada Canada 2.3 (28) 0.2
1998 CO
Russia Canada 69 (26) 6.8
Russia Russia 91 (22) 7.4
Canada Europe 24 (13) 2.3
Canada Canada 29 (32) 2.4
Percentage of FLEXPART total emitted mass 1.
the tropospheric HCHO. However, we applied an offset cor-
rection to account for GOME degradation effects for each
latitude: the slant column densities over oceans, supposed to
be zero, have been subtracted to normalize the HCHO slant
columns. With a ground pixel size of 40×320km2 GOME
data have a global coverage at the equator every 3 days, but
better time resolution in polar regions.
4 Transport Modelling
In order to evaluate the dominating transport patterns of bo-
real forest ﬁre emissions on a seasonal basis, the FLEXPART
model results for the Siberian and Canadian CO tracers were
averaged over the burning seasons of 1997 and 1998. Fig-
ure 4 shows the total columns of the CO tracers for the Cana-
dian and Siberian tracers during the burning seasons of the
two years. Due to the fewer ﬁres in 1997 simulated CO
columns are lower than in 1998. In both years the largest
CO tracer columns are found directly over the source re-
gions, but signiﬁcant transport to downwind regions occurs.
The Canadian ﬁre plume moves eastward across the Atlantic
ocean towards Europe. Siberian ﬁre emissions take a path-
way eastwards across the Northern Paciﬁc towards Canada.
Taking this pathway, the ﬁre plume also travels over north-
ern Japan, where in 1998 Japanese surface CO measurements
showed a maximum difference of about 30ppb between air
masses which have and those which have not passed the 1998
Siberian ﬁres according to trajectory analyses (Kato et al.,
2002). Additionally, Tanimoto et al. (2000) found baseline
enhancements and episodic high concentrations of CO at the
measurement site of Rishiri, Japan, during the boreal burn-
ing season of 1998. To estimate the extent of interconti-
nental transport of the forest ﬁre emissions, the relative CO
tracer amounts remaining close to the source and reaching
another continent were calculated by deﬁning three boxes for
the latitude band 40◦–80◦ N: Canada (160◦–60◦ W), Europe
(10◦ W–60◦ E) and Siberia (60◦–140◦ E) (see Fig. 4a). As
shown in Table 4, a larger fraction of the Russian forest ﬁre
emissions was transported to Canada in 1998 than in 1997.
This is due to the special meteorological situation during the
burning season of 1998, when the abnormally persistent high
pressure system east of Siberia (Efremov and Sheshukov,
2000) channeled pollution across the northern Paciﬁc. In
1998, the average column densities of the Siberian tracer are
morethantwiceashighastheCanadiantracercolumnsinthe
Canadian receptor box. At the surface in the Canadian recep-
tor box the Siberian tracer mixing ratio is 6.8ppb on average
(see Table 4 and Fig. 6). Especially at the Canadian west
coast, transport from Siberia provided the dominant fraction
of the CO tracer (Fig. 4d).
The Canadian CO tracer was transported to similar frac-
tions in both years. But, at the surface the Canadian tracer
plume is shifted to the south compared to the total columns
(Figs. 6 and 4b), due to the prevailing low-level ﬂows in sub-
tropical latitudes, as compared to the frontal lifting that typ-
ically accompanies poleward transport (Stohl, 2001). Cana-
dian forest ﬁre emissions contributed 2.3ppb of CO to the
average European CO surface mixing ratios in 1998. These
intercontinental transport processes are documented in more
detail in Fig. 5. Meridionally oriented vertical cross sections
of zonal means of the forest ﬁre CO tracers for each of the
above deﬁned boxes are shown for 1997 and 1998. In all re-
ceptor boxes the maxima of all tracers appear at an altitude
range from about 2 to 6 km. The highest concentrations of
the Siberian tracer over the source region are found at lati-
tudes up to 70◦ N in both years. Over Canada the Siberian
plume is, on average, found at higher altitudes than over
the Siberian source region. The Canadian tracer extends to
higher latitudes over the source, in 1998 it reached 80◦ N.
Signiﬁcant differences in the plume positions over Europe
arefoundbetweenthetwoyears. Bothtracersarriveathigher
latitudes in 1998 than in 1997, which is due to a higher NAO
index in 1998 than in 1997, which shifts the North Atlantic
stormtrack and, thus, the dominant transport pathway to the
north (Eckhardt et al., 2003). In general, drought conditions
in parts of the boreal region, which were likely induced by
ENSO, caused extensive burning in 1998 with a maximum
in the far east of Siberia near the coast of the Okhotsk Sea.
From there the emissions are directly subjected to the west-
erly ﬂow. This is in contrast to 1997, when the hot spots
were situated much more westerly in continental regions of
Siberia. Furthermore, transport pathways are shifted north-
wards according to the positive phase of NAO. This produces
a shift of the tracer distribution towards higher latitudes in
1998 compared to 1997.
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Fig. 5. Vertical cross sections of zonal means of the averaged CO tracer concentrations for the three receptor regions (see Fig.4). Siberia
(left column), Canada (middle column) and Europe (right column). The rows from top to bottom show the Siberian CO tracer in 1997, the
Canadian CO tracer in 1997, the Siberian CO tracer in 1998 and the Canadian CO tracer in 1998 against altitude [km].
 
 
 
 
 
       
 
Fig. 6. FLEXPART mixing ratios at the lowest model layer in 1998; Canadian CO tracer (top), Siberian CO tracer (bottom); CMDL stations
are marked as yellow squares
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Fig. 7. Seasonal variation of the detrended anomalies [ppm] of CO2
averaged over all CMDL stations north of 35◦ N.
 
Fig. 8. Seasonal variation of the detrended anomalies (ppb) of CO
averaged over all CMDL stations north of 35◦ N; the dark red rect-
angle reﬂects the burning season from May to October, which is
shown in Fig. 9
5 Ground Based Measurements and Satellite Remote
Sensing Results for the Burning Seasons 1997 and
1998
Around 90% of carbonaceous emissions from forest ﬁres are
CO2. Ground based measurements of CO2 and CO are avail-
able continuously since 1982 and 1990, respectively, from
the CMDL ﬂask network. To ﬁnd a signal from the boreal
forest ﬁres in these data, monthly means were calculated for
all stations located north of 35◦ N. CO2 concentrations are
increasing due to continuing anthropogenic CO2 emissions,
whereas CO concentrations are decreasing, because of re-
duced anthropogenic CO emissions (Wotawa et al., 2001;
Novelli et al., 2003). In order to remove these trends, the
monthly mean CO2 and CO data were detrended using a lin-
ear regression function. Monthly anomalies of the detrended
 
Fig. 9. Monthly mean FLEXPART CO tracer mixing ratios aver-
aged for the positions of the CMDL stations.
CMDL data for both species for the years 1996 to 1999 are
shown in Fig. 7 and 8. In 1997 the CO2 anomalies were
negative during most of the year, indicating less than nor-
mal ﬁre activity. In contrast, in 1998 they increased rapidly
from May on, when the burning season started. The CO2
anomaly peaked at 1.2ppm in September, after the strongest
burning was over. But because of the long lifetime (much
longer than 1 year (Seinfeld and Pandis, 1998)) of CO2, the
CO2 anomalies remained elevated until April 1999, when the
CO2 pulse from the ﬁres was sufﬁciently diluted by mixing
into the tropics and the southern hemisphere. Furthermore,
because of increased soil temperatures the ﬂux of CO2 and
other trace gases out of the soils may persist even after the
ﬁres are extinguished (Kim and Tanaka, 2003).
Because of the shorter lifetime of CO (30 to 90 days) com-
pared to CO2, monthly CO anomalies for 1998 give a slightly
different picture (Fig. 8), tracking the temporal variations of
the burning more closely. There is a ﬁrst peak in the CO
anomalies in May 1998, followed by a slight decrease in June
andJulyburned, andasharpincreaseintoSeptemberandOc-
tober, caused by the strong boreal burning from the middle
of July until October. After negative CO anomalies during
most of the 1997 burning season, CO started increasing in
September 1997 when strong burning in Southeast Asia oc-
curred. The positive CO anomaly in May 1998, was likely
to be caused by northward transport of emissions from the
subtropics. For instance, Van der Werf et al. (2004) assume a
contribution of tropical ﬁres to boreal CO amounts of around
26%. In October, the CO anomaly was 44 ppb, a substan-
tial fraction of the detrended CO value of around 115 ppb
for that month. This indicates that forest ﬁres were a ma-
jor contributor to the CO budget in the summer of 1998, in
agreement with previous studies (Wotawa et al., 2001; Nov-
elli et al., 2003). In contrast, CO anomalies for the summer
of 1997 were all negative, most strongly at the end of the
burning season in September.
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Fig. 10. TOMS aerosol index averaged from May to October 1997 (top) and 1998 (bottom).
To compare the model results with the CO measurements,
modelled monthly mean surface layer CO mixing ratios were
averaged for the locations of the CMDL stations marked in
Fig. 6. The sum of the surface CO tracers for both sources,
Canada and Siberia are shown in Fig. 9 (the simulation
was started with the estimated emissions shown in Table 3).
FLEXPART CO tracers give a similar picture as the CMDL
CO measurements (Fig. 8), with a strong increase starting in
July 1998 and extremely low CO mixing ratios in 1997. The
FLEXPART simulation shows the maximum CO enhance-
ment of 33ppb (above the background) already in September
1998, one month earlier than the measurements. This may be
due to the rather short 60-day lifetime we have assumed in
our simulations. The maximum would be delayed by using a
longer lifetime or a seasonally increasing lifetime. Further-
more, as mentioned previously, CO emissions may persist
even after the above-ground ﬁres are extinguished and no hot
spots are detected anymore. Such continuing emissions are
not accounted for in our simulations. However, the compari-
son between Fig. 8 and 9 shows that the assumed emissions
and their seasonal variation is in good general agreement.
The underestimation of the CO measurement data by the
FLEXPART model simulation amounts around 25%, which
is comparable to the contribution of tropical ﬁre emissions
to boreal CO concentrations, mentioned by Van der Werf
et al. (2004). Figure 10 shows the average TOMS AI for
the burning seasons of 1997 and 1998, respectively. In both
years the enhancements due to Saharan dust can be seen at
low latitudes. During 1997 there are relatively few enhance-
ments of the AI over the boreal region. In contrast, in 1998
a large maximum over Canada and the neighbouring oceanic
regions and a further maximum over eastern Siberia and the
bordering Paciﬁc are found. The maxima over Canada and
Siberia arein magnitudecomparableto theextendedbiomass
burning regions of Central Africa. The areas of enhanced AI
spread in a wavely band over Canada, are more concentrated
over eastern Siberia and join over the northern Paciﬁc re-
gion. On the one hand TOMS measurements show the broad
region affected by the aerosols emitted from the ﬁres of 1998
and on the other hand aerosols detected over the oceans give
a clear proof for atmospheric transport of ﬁre emissions. The
general patterns conﬁrm the model simulations (Fig. 4).
Figure 11 shows maps of tropospheric NO2 and HCHO
columns derived from GOME, (averaged from July to Au-
gust) for 1997 and 1998. Beside the high values over the in-
dustrial regions of USA, Europe, Middle East and Asia, rela-
tively large enhancements can be seen over Southeast Siberia
in 1998 compared to 1997, when the burning was most in-
tense (see circle in Fig. 11). The enhanced biomass burn-
ing over southeast Siberia in 1998 can also be well identiﬁed
and correlated with a high HCHO plume. The high HCHO
columnsovereasternUSAareduetobiogenicisopreneemis-
sions (Chance et al., 2000). In consideration of the variance
of forest ﬁre emissions in contrast to the continuity of an-
thropogenic NO2 emissions, the GOME signal over Eastern
Siberia reveals the strength of this emission source in 1998.
Although NO2 enhancements over ﬁres are occasionally also
seen over Canada (compare Spichtinger et al., 2001), on a
seasonal basis the enhancements are far less pronounced than
over Siberia. This is probably due to the smaller areas burned
and the more widespread distribution of ﬁres in Canada (see
Fig. 3).
6 Summary and conclusions
In this study we compared the boreal burning seasons of
1997 and 1998. According to burned area statistics ﬁre ac-
tivity was relatively low and atmospheric effects were mod-
erate in 1997 compared to 1998. In 1998 the boreal re-
gion, particularly in Canada and southeastern Siberia, suf-
fered from a severe drought and high temperatures, both of
which favoured the occurrence of forest ﬁres. Temperature
anomalies up to 4.5K above the climatological average were
found in the regions where most of the burning occurred.
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Fig. 11. GOME tropospheric NO2 [1015molecules/cm2] and HCHO [1016molecules/cm2] columns averaged from July to August 1997 (a
for NO2 and c for HCHO) and 1998 (b for NO2 and d for HCHO). The red circle marks enhanced NO2 and HCHO columns over eastern
Siberia where the strongest ﬁre activity occurred in 1998.
These anomalies were likely a consequence of the strong
ENSO event of 1997/1998. We simulated the atmospheric
transport of the emissions from the burning during the ﬁre
seasons of 1997 and 1998 with a Lagrangian transport model
using CO as a tracer. Forest ﬁre emissions were released at
the ATSR hot spot locations. To quantify the transport of
the forest ﬁre emissions the modelled ﬁre plumes were split
into a Canadian, a European and a Siberian sector. FLEX-
PART results were compared to measurement data of CO2
and CO. The inﬂuence of burning on these two species can
be seen in surface measurements of the CMDL ﬂask sam-
pling network. Strong positive anomalies of both species in
1998 are in contrast to negative anomalies in 1997. Forest
ﬁres emit large amounts of aerosols which are detected by
TOMS AI. The signal of the GOME instrument measuring
tropospheric NO2 and HCHO columns is not as clear as the
TOMS one, but there is enhanced NO2 and HCHO over the
strongest burning region of Southeast Siberia.
The main conclusions of this study are:
– The transport simulation shows intercontinental trans-
port of CO emitted by forest ﬁres. Likely induced by
ENSO, in 1998 a larger fraction of forest ﬁre CO was
transported from Siberia towards Canada, contributing
more than twice as high concentrations as Canada’s own
biomass burning CO. In 1998 both tracers arrived at
higher latitudes over Europe than in 1997, consistent
with a higher NAO index in 1998.
– The interannual variability of ﬁre activity in the boreal
region could clearly be seen in ground based measure-
ments of CO and CO2 as well as in satellite data of the
TOMS and the GOME instruments.
– Monthly variations of CMDL CO data are reproduced
by the FLEXPART model simulation. The maximum
anomaly of the CO measurements was 44ppb in Oc-
tober 1998, the maximum CO mixing ratio calculated
with FLEXPART for the lowest model layer was 33ppb
in September 1998. The delay of the maximum is at-
tributed to the relatively short lifetime of CO (60 days)
which was used for the FLEXPART setup.
– TOMS data show expanded maxima over Eastern
Siberia and Canada. The aerosol clouds swap from the
source regions across the oceans to the neighbouring
continents, what reﬂects transport processes of aerosols,
which look very similar than tracer plumes simulated by
FLEXPART.
– GOME data show relatively large NO2 and HCHO en-
hancements over the burning regions of eastern Siberia
in 1998, but no distinct maximum over the Canadian
ﬁre regions which were dispersed over a wider latitude
range.
– Model simulations and measurement data revealed a
strong impact of boreal forest ﬁre emissions on the at-
mospheric composition of the northern higher latitudes
in 1998.
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